The chemical reactions involved in the corrosion of MgO CaZrO 3 -calcium silicate materials by cement clinker were studied using a hot-stage microscope up to 1600
Introduction
Nowadays the burning zone of rotary cement kilns is exposed to alkali salts and some waste by-products such as rubber or other hazardous products of animal origin, these materials enhance the corrosion process of the kilns refractory.
Generally for a better corrosion resistance, the MgO-based materials were adopted as the main components of refractory bricks because they are hard-wearing towards the liquefied cement materials at high temperatures. MgO MgAl 2 O 4 bricks were actually used mainly in the burning zone of rotary cement kilns. These conventional materials, however, show an inadequate performance due to problems associated with corrosion resistance and their easily developing hot points. [1] [2] [3] Good alternatives for replacing the MgO MgAl 2 O 4 materials until now used, are the MgO CaZrO 3 -calcium silicate composite materials due to their enhanced refractoriness, high mechanical properties and excellent corrosion resistance against alkali, earth alkali oxides and basic slags. Kozuka et al. 4, 5 have studied the behaviour of MgO/CaZrO 3 materials as a refractory materials in rotary cement kilns. The post-mortem analyses presented in these papers proved that the bricks showed superior corrosion resistance and coating adherence, but they peeled off easily in areas which underwent high mechanical stresses. Hitherto, there is only one work that describes the corrosion behaviour of MgO/CaZrO 3 materials with cement clinker, which was carried out by Serena et al. 6 These authors have investigated the corrosion behaviour in particular of 80 wt.% MgO-20 wt.% CaZrO 3 materials versus a clinker of Portland cement.
In contrast with the preliminary research works aforementioned, it was found that the use of natural raw materials constituted by major elements such as, Mg, Ca, Si and Zr is an attractive route for the production at low cost of the MgO-based high temperature structural materials. The present authors in previous works [7] [8] [9] found the mechanisms involved in the reaction sintering process for MgCa(CO 3 ) 2 /ZrSiO 4 mixtures, and demonstrated that the reaction sintering is a feasible way to obtain MgO CaZrO 3 -calcium silicate dense composites with fine-grained microstructure. These mixtures were prepared by using mineral dolomite (MgCa(CO 3 ) 2 ) and zircon (ZrSiO 4 ) raw materials. The composition of the mixtures prepared was tailored on the basis of the information supplied by the quaternary system MgO CaO ZrO 2 SiO 2 10-12 in order to obtain MgO CaZrO 3 -␤-Ca 2 SiO 4 and MgO CaZrO 3 Ca 3 Mg(SiO 4 ) 2 composites.
In the present work, we have explored the possibility of using the composites mentioned above that belong to the quaternary system MgO CaO ZrO 2 SiO 2 , as refractory materials for the burning zone in rotary cement kilns.
The MgO CaZrO 3 -␤-Ca 2 SiO 4 composition is located in the solid-state compatibility plane MgO CaZrO 3 Ca 2 SiO 4 and lies on the connecting line zircon-dolomite Fig. 1a . The formation of the first liquid starts at 1750 • C; this temperature corresponds to the invariant point of the subsystem MgO CaZrO 3 Ca 2 SiO 4 . From the quaternary section ZrO 2 SiO 2 CaO/MgO = 1:1 mol, it can be stated that the composition considered is located in the primary phase field of MgO 7, 8 (Fig. 1b) .
In accordance with Fig. 1a (Fig. 1b) . Therefore, the temperature of formation for the first liquid of compacts containing Ca 3 Mg(SiO 4 ) 2 within this compatibility field, is lower than that of those formulated with ␤-Ca 2 SiO 4 .
The study described here, was focused to reveal details of the reaction behaviour at the interface of cement clinker/MgO CaZrO 3 -calcium silicate materials. In addition, microstructural characteristics of the reaction interface between cement clinker/MgO CaZrO 3 -calcium silicate materials, after corrosion treatments, were observed on specimens treated at 1500 • C for reaction intervals up to 360 min. The conditions under which different phases are formed at the interface and in the bulk of the MgO CaZrO 3 -calcium silicate materials, were discussed taking into account the phase equilibrium data of the systems MgO Al 2 O 3 CaO and MgO CaO SiO 2 ZrO 2 and compared with MgO and MgAl 2 O 4 ceramic materials with similar density (≈98%) and grain size (≈4 m).
Experimental

Substrate synthesis
The MgO CaZrO 3 -calcium silicate materials obtained in this study were prepared from a high-purity CaMg(CO 3 ) 2 powder (>99.9% purity, average grain size 4.9 m, Prodomasa, Spain) and high-purity ZrSiO 4 powder (99.8 purity, average grain size 1.23 m, Zircosil, Cookson Ltd.). Homogeneous dense MgO CaZrO 3 -calcium silicate based specimens were obtained by reaction sintering of isostatically pressed stoichiometric dolomite-zircon mixtures. The two compositions of materials were differentiated by the presence and the amount of the ternary phase ␤-Ca 2 SiO 4 (42 vol.%) or Ca 3 Mg(SiO 4 ) 2 (45 vol.%), hereafter referred to as S2 and S4, respectively. The compact density was measured by the Archimede's principle using mercury immersion. The densities thus measured for S2 and S4 specimens prepared at the temperatures (1550 and 1740 • C) reported elsewhere, 8 were 96 and 98% of the theoretical value and their average grain size measured by linear intersection method was from 1 to 6 m. In Table 1 are summarized some typical structural properties of the materials used for the corrosion test.
A dense polycrystalline spinel (MgAl 2 O 4 ) specimen with a grain size of few microns was produced by heating at 1600 • C a pellet isostatically pressed (200 MPa), this specimen was prepared by using high-purity spinel powders (size 7.5 m, Baikalox, USA). Furthermore, a dense polycrystalline magnesia compact with a medium grain size of 6 ± 2 m, was obtained by employing high purity magnesia powders (average grain size 1.4 m, Merck, Darmstadt, Germany). The powders were isostatically pressed at 200 MPa and then sintered at 1550 • C for 2 h. Additional details of these specimens are given in Table 1 .
Cylindrical plate specimens, 15 mm diameter and 4 mm thick were prepared from the four materials selected by cutting with a diamond blade. The corresponding surfaces were subsequently polished to a mirror finish using diamond paste 1 m and then cleaned in an ultrasonic bath. In Table 2 are summarized details of the composition for the Portland cement used in this study. The cement is composed of several minerals in which the major constituent is alite (Ca 3 SiO 6 ). The cement raw material produced in rotary kilns, is commonly heated at 1450 • C in the burning zone. Therefore, the temperature selected to carry out the corrosion tests was 1500 • C.
Corrosion diffusion couple pair systems
In order to measure the corrosion of refractory substrates by cement clinker, the reaction test method was used. For the corrosion test, cylindrical specimens (1.5 mm diameter × 4 mm thickness) were used. These small and low compacted cylinders were placed in contact with the polished surfaces of the four ceramic materials selected in this study. Any chemical reaction between the refractory and the partially melted solid (clinker) might lead to a reactant contact, which enables the reaction to take place resulting in a matter product transport that allows the corrosion chemical reaction to proceed.
The couple diffusion systems were fired up to 1650 • C at a constant heating rate of 5 • C/min. The experiments were conducted inside a hot-stage microscope (HSM) EM 201 equipped with image analysis system and electrical furnace 1750/15 (Leica, Germany). The temperature measurements were conducted in the vicinity of the specimens with a Pt3%Rh-Pt/Pt10%Rh thermocouple, which was placed in contact with the ceramic plate used as support. The microscope projects the image of the sample through a transparent quartz window and the images were taken by a recording device. The computerized image analysis system automatically records and analyzes the geometrical changes of the sample during heating. The HSM software calculates geometrical variations, such as height, width, and area of the sample; from the images and contact angle between sample and substrate. After firing, the specimens were mounted in epoxy resin, and then cut perpendicular to the clinker-ceramic interface. The cross-section of each specimen was polished down to 1 m roughness. Analyses of the crystalline phases were performed using reflected light optical microscopy (hereafter referred as to RLOM), and scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDS) (Model DSM 950, Karl Zeiss, Thornwood, NY, USA; series, Tracor Northern, Middleton, WI, USA). Microchemical analysis of the new layer formed at the reaction interface, was carried out by SEM/EDS on samples heat treated at 1500 • C for reaction between 1 min to 2 h. Compositional line scans of CaO, Al 2 O 3 , Fe 2 O 3 , ZrO 2 and SiO 2 conducted across the clinker-ceramic interface, were made by semiquantitative analyses (SQ) using the ZAF (atomic number, absorption fluorescence) furnished software with theoretical internal standards, following the SQ program. The square area selected for microanalysis was 50 m. More details regarding the chemical compositional analyses are given elsewhere. 13 In addition, grain size measurements, of the different crystalline phases, were carried out by using the linear interception method on representative SEM micrographs.
Results and discussion
Couple diffusion experiment
The reaction patterns for all the ceramic-clinker diffusion couple specimens were studied by a series of evaluations conducted on the area of the couple diffusion ceramic-clinker specimen. In each case the observation was carried out in situ during the heat treatment inside the HSM, as was explained in Section 2. From these data, the reaction temperatures at the interface on the couple ceramic-clinker were established, and because of the difference in the chemical composition of the substrates (ceramic part of the couple), it is therefore expected that different types of chemical reactions at the ceramic/clinker interface might occur.
The variation in area of the clinker specimen as a function of the temperature and substrate is shown in Fig. 2a . Photomicrographs of the shape sample evolution associated to Fig. 2a are shown in Fig. 2b , these correspond to the S2-clinker, S4-clinker, and MgAl 2 O 4 -clinker couple diffusion pairs. In this figure the typical changes in shape of three of the specimens studied for the same heating schedule can be seen. Table 3 summarizes the values of temperature at which the first and maximum shrinkage of clinker, 1350 and near 1400 • C, respectively, was observed. In the case of the sample pair MgAl 2 O 4 -clinker, an important reaction between the clinker and substrate took place at a temperature of 1450 • C (Fig. 2b) . In contrast, any significant chemical reaction occurs between clinker and the other substrates (S4, S2 and MgO) even at temperatures up to 1600 • C (Fig. 2a and b) . 
Kinetic study of the reactions at ceramic substrate/clinker interface
This study was carried out in order to make a quantitative study of the cement-clinker corrosion behaviour of different ceramic substrates with potential refractory properties. Thus, the four ceramic specimens were subjected to a chemical attack with clinker for various reaction intervals, ranging from 1 up to 120 min. The experiments were conducted inside an electric furnace following the same heat treatment conditions used in the HSM (constant heating rate of 5 • C/min and heating temperature of 1500 • C). Fig. 3 shows the variation on thickness of the diffusion distance as a function of the reaction time, which resulted after the corrosion process between the ceramic and clinker phases. The measurements were carried out on the cross-section of polished couple diffusion samples studied by reflected light optical microscopy. As it can be seen from Fig. 3 , after 1 min of reaction at 1500 • C, no chemical reaction can be detected between the MgO substrate and the clinker specimen by this technique. After 30 min a partial reaction was determined even by naked eye observations on couple diffusion specimens, while a characteristic clinker diffusion pattern was determined by the RLOM observations. The reaction took place mainly in the ceramic part, and the diffusion of clinker constituents towards the MgO substrate, was detected by the formation of a dense brown-coloured layer near the MgO/clinker interface. Based on our preliminary results and clinker compositional analyses (Table 2) , it is suggested that, the coloration at the substrate part was mainly caused by iron diffusion. Furthermore, the formation of microcracks was not detected at the interface. After the treatment for 30 min, the continuous dense and mechanically stable reaction layer resulting by the chemical interdiffusion at high temperature between clinker and ceramic substrate (MgO), had a thickness of ∼600 m (Fig. 3) . In contrast, for the MgAl 2 O 4 /clinker couple diffusion sample, the spinel was reacted with the clinker. When the experiment was conducted at a temperature (1430 • C) even lower than that used for the pair MgO/clinker (1500 • C), a complete fusion proceeded at the interface of the coupling pair MgAl 2 O 4 /clinker (Fig. 2b) . The increase of the reaction time increased the penetration of the liquid phase in the spinel substrate and observations showed that the penetration of the liquid phase occurred preferentially at grain boundaries and at the residual porosity inside the substrate. Thus, in all the pair samples spinel/clinker during the course of the heating stage, it was revealed that the clinker further reacted with the ceramic substrate, in consequence the sample reached a saturation state for a reaction interval as short as 30 min (Fig. 3) . The coloured layer corresponding to the reaction products is one order in magnitude higher than the reaction layer obtained on magnesia substrates, because the thickness of this layer was approximately 1600 m.
On the other hand, for the MgO CaZrO 3 -calcium silicate ceramic material/clinker couple diffusion pairs, the results showed that only a partial reaction took place. The results given in Fig. 3 , however, show that the reaction between clinker and MgO CaZrO 3 -calcium silicate materials is slightly faster than that exhibited by MgO substrate. After firing at 1500 • C for 30 min, a dense reaction layer of ∼1050 m thick was produced at the interface of both MgO CaZrO 3 specimen, bonding was also achieved over the whole interfacial area (Fig. 7) , but transverse microcracking was preferentially produced along the reaction interface near the unreacted substrate part. This microcracking might occur as a consequence of the residual stresses, which may be produced during cooling stage, due to the differences in the thermal expansion coefficients of the sintered clinker and the ceramic substrate. In the case of MgO CaZrO 3 Ca 2 SiO 4 /clinker specimen, a stronger bonding at the reaction interface of the coupling pair was achieved between the sintered clinker and substrate, in comparison with other MgO CaZrO 3 -calcium silicate specimens studied in this work.
The results obtained in the present study, bear clear evidence regarding the corrosion resistance of refractory substrates with cement clinker. It is proposed that the corrosion resistance of the Mg-based ceramic increases in the following sequence: Fig. 4a shows a schematic representation of the reaction occurring at the interface (clinker-MgAl 2 O 4 ) at high temperature (1500 • C) for 1 min. It is worth noting that the interface inside the MgAl 2 O 4 substrate is well-defined, because it is different in composition and microstructure as preliminary naked eye observations had revealed. Furthermore, details of the microstructure and composition of the phases revealed that the reaction interface is located inside the ceramic substrate ( Fig. 4b and c) . Microstructures of Fig. 4 showed the presence of a devitrified glassy phase, liquid at the experiment temperature, which was produced by the chemical reaction between the clinker and MgAl 2 O 4 (Fig. 4b) . Some primary spinel crystals that precipitated in the glassy phase/substrate interface are also visible (Fig. 4c) . The mentioned liquid phase diffused through the spinel grain boundaries and pores forming a tiny layer surrounding the spinel grains. This liquid layer is likely to dissolve the spinel crystals.
MgO substrate
An SEM micrograph of MgO specimen treated at 1500 • C for 1 min is shown in Fig. 5 . In this micrograph the formation of a reaction layer between substrate and partially fused clinker was revealed (Fig. 5a) . Energy dispersive X-ray point analyses showed that the partially melted clinker contains primary Ca 3 Al 2 O 6 crystals and a white glassy phase with a composition of 50 wt.% CaO, 24 wt.% Al 2 O 3 , 19 wt.% Fe 2 O 3 , 4 wt.% SiO 2 and 3 wt.% of MgO. This glassy phase was produced by melting the secondary crystalline phases, Ca 2 SiO 4 and Ca 4 Al 2 Fe 2 O 10 , of the clinker. The micrograph of the clinker-magnesia interface shows the presence of a thin liquid phase layer at the MgO grain boundaries (Fig. 5b) . This liquid phase is mainly constituted by Fe, Al, Mg, Si and Ca. The concentration profile determined along the boundary clinker/substrate indicates that the value of CaO/SiO 2 ratio was increased at the inner MgO interface. Iron and silica diffusion was observed even at a distance of 1400 m (Fig. 5c) . The presence of liquid phases in the grain boundaries produced a marked growth of magnesia grains, because the size of the MgO grains at the unreacted zone measured at a distance of 1400 m was smaller (6 ± 2 m) than that at the magnesia/clinker interface (13.7 ± 2 m). Fig. 6 shows typical SEM micrographs taken at the crosssection of the MgO CaZrO 3 -␤-Ca 2 SiO 4 /clinker specimen fired at 1500 • C for 1 min. In this micrograph the formation of several layers between substrate and clinker occurred, as can be observed in Fig. 6a . The microstructure near to the reaction boundary clinker/substrate exhibits the presence of the partially melted clinker Fig. 6b, which formation of dark semi-spherical MgO grains which align parallel to the reaction interphase occurred near the reaction front. This MgO grain layer has a thickness of about 20 m Fig. 6b . The main constituents determined in this thin layer were identified as MgO and liquid. In addition, SEM micrographs of Fig. 6a showed a broad zone, ∼500 m thick, constituted according to MEB-EDS microanalyses and XRD analyses by the following crystalline phases: continuous and twinned grey grains of ␤-Ca 2 SiO 4 , 4 m size; dark periclase (MgO) grains with a size of 2 m and white semi-spherical 2 m size grains of CaZrO 3 located at the grain boundaries or triple points (Fig. 6c) . The analysis of the liquid phase, isolated glassy phase (GF) islands, arrows in Fig. 6c , showed that it contained Fe, Al, Mg, Si, Ca and a small amount of Zr. This glassy phase was detected in the MgO/CaZrO 3 boundaries or triple junctions, but not at CaSiO 4 grain boundaries. Fig. 6d shows the compositional profile of S2-clinker specimen determined by EDS at the area where the reaction took place. The content of different elements, as oxides, was represented as a function of the penetration distance from the clinker/substrate interface. The diffusion of the clinker liquid phase proceeded trough the grain boundaries, as it was suggested by the presence of Fe and Al traces that can be observed until 400 m depth. At a distance 1200 m from the reaction interphase, the microanalysis showed no further compositional changes in comparison with the nominal amount of the crystalline phases in the raw ceramic substrate. The microstructure is in good agreement with the chemical compositional measurements, because at this area the raw microstructure of the ceramic substrate was observed after the high temperature corrosion test. Fig. 7a shows a macroscopic SEM view of the cross-section of coupling pair MgO CaZrO 3 Ca 3 Mg(SiO 4 ) 2 /clinker sample, fired at 1500 • C for 1 min. Further, microstructural details at the reaction interphase are shown in Fig. 7b . It was found that in this particular case, the microstructure of clinker was composed by a crystalline Ca 3 SiO 5 , primary phase of clinker and a white glassy phase containing Ca, Al, Fe, Si, and Mg as the dominant chemical constituents. This glassy phase was homogeneously distributed around Ca 3 SiO 5 grains (see Fig. 7c ). Fig. 7d shows a compositional profile for the S4-clinker specimen. The presence of Fe and Al, which act as tracing elements for the liquid clinker diffusion, was only determined up to a penetration distance of 600 m. Beyond this distance, no further migration of the liquid phase was detected in the ceramic substrate, as was determined by both compositional and microstructural analyses.
MgO CaZrO 3 -calcium silicate based substrates
In Fig. 7a -c the formation of a MgO CaZrO 3 Ca 3 Mg-(SiO 4 ) 2 liquid layer between S4 substrate and clinker was observed. According to SEM-EDS microanalyses and XRD analyses, the crystalline phases identified in this zone of the sample were as follows: corroded light grey areas (4 m size) of merwinite crystals (Ca 3 Mg(SiO 4 ) 2 ) and a liquid phase, formed by partial dissolution of merwinite by the diffusing liquid phase; dark rounded periclase grains with a grain size of 2 m, and white rounded CaZrO 3 grains of 2 m. In the liquid phases analysed Fe, Al, Mg, Si, Ca and small amounts of Zr were detected. Moreover, small amounts of glassy phase were detected in CaZrO 3 and magnesia/CaZrO 3 boundaries or triple junctions.
One point that deserves emphasize is that when S4 sample was subjected to long time experiments (120 min) it exhibited a dusting process. This phenomenon did not allow completing the corrosion ceramic-clinker interface microscopic study because the interface falls apart during the diamond polishing stage.
Corrosion mechanism
In general, the corrosion study conducted on various ceramic substrates, indicated that at the initial stages of the corrosion process, interdiffusion and chemical reaction processes between various components of the liquid phase formed in the clinker and the refractory materials (substrates) markedly occurred. Therefore, the results obtained were discussed in terms of the phases predicted in the respective equilibrium diagrams. 14, 15 In all samples the corrosion took place by diffusion of the clinker liquid phase through grain boundaries and the residual porosity. This inference was also supported by all compositional profiles where the elements such as Al, Ca, Si and Fe had marked diffusion patterns. In accordance with the chemical composition of the liquid phase formed by fusing the clinker, the constituents are 50 wt.% CaO, 24 wt.% Al 2 O 3 , 19 wt.% Fe 2 O 3 , 4 wt.% SiO 2 and 3 wt.% of MgO. The chemical composition of the liquid phase will be similar to that of the quaternary invariant point corresponding to the Portland cement clinker, 16 
MgAl 2 O 4 substrate
In this particular case, it was found that the spinel substrate reacts with clinker at 1450 • C forming a liquid phase. This liquid phase wetted the spinel grains and diffused inside the specimen by a grain boundary mechanism, as can be seen in Fig. 4 , filling open pores and triple points. The major constituents of the cement clinker liquid phase 17 are Ca, Al, Si, and Fe oxides, and minor Mg. As a first approach, it is suggested that the most corrosive component in the liquid is calcium oxide. We explain this inference by analysing the reactions predicted in the ternary system Al 2 O 3 CaO MgO, 18 in order to interpret the corrosion behaviour of the spinel substrate with clinker.
In Fig. 8 is shown an isothermal section corresponding to the Al 2 O 3 CaO MgO system at 1500 • C. In this system the composition of clinker glassy phase, is almost Ca 3 Al 2 O 6 . Therefore, the working compositions for the liquid clinker corrosion may be represented by a line going from the Ca 3 Al 2 O 6 up to the MgAl 2 O 4 . Hence, the liquid must gradually dissolve the spinel substrate, and a change on composition of the liquid phase is likely to occur along this line. In addition, based on our observations, the primary spinel phase is in equilibrium with the calcium aluminate liquid phase, L B , at 1500 • C. The dissolution of spinel by this glassy phase continues until it reaches the equilibrium and at this point about 30% of liquid, L R , might coexist with (1)
MgO substrate
In contrast, in periclase substrates, at temperatures higher than 1500 • C, some extent of reaction with clinker is observed. Likewise in the clinker-MgAl 2 O 4 substrates, the reaction interface clinker-MgO may be interpreted from the 1500 • C isothermal section of MgO CaO Al 2 O 3 ternary phase diagram Fig. 8 . In this case, the working compositions are represented by the compatibility line going from Ca 3 Al 2 O 6 to MgO, therefore no liquid phase formation would occur at 1500 • C.
The presence of SiO 2 in the clinker liquid phase, however, decreases the temperature for the first liquid formation [18] [19] [20] up to approximately 1380 • C, so the discussion stated on the basis of the MgO CaO Al 2 O 3 SiO 2 phase diagram. The phases identified at the interface, liquid + MgO + Ca 3 SiO 5 , are those predicted from the MgO-rich region in the MgO CaO Al 2 O 3 SiO 2 quaternary phase equilibrium diagram. 21, 22 The eutectic in the quaternary subsystem MgO Ca 3 SiO 5 Ca 2 SiO 4 Ca 3 Al 2 O 5 takes place at 1380 • C, but the amount of liquid phase might be very small due to the big size of periclase primary phase field. So, the presence of small amounts of liquid phase at periclase grain boundaries might be explained in terms of a diffusion mechanism of the quaternary liquid phase. 20 This liquid phase, at high temperatures, partially dissolves primary MgO grains enhancing subsequently their grain growth, and also achieves the substrate densification in the reaction zone by a liquid reaction sintering process.
The presence of small amounts of liquid phases, rich in Ca 2+ , Al 3+ , Si 4+ , and Fe 2+,3+ , which penetrate through the periclase grain boundaries, is explained in terms of a diffusion mechanism of the clinker liquid phase.
MgO CaZrO 3 -calcium silicate substrates
The two derived MgO CaZrO 3 -calcium silicate substrates composite materials have similar microstructural parameters (Table 3) , grain size and shape, the main difference between them is the composition of the ternary phase, which was in similar amounts in both composites.
In the two MgO CaZrO 3 -calcium silicate substrates/clinker interfaces the presence of a thick layer formed by MgO grains was detected. The enrichment in MgO at the clinker-ceramic interface can be explained in terms of the quaternary system MgO CaO ZrO 2 SiO 2 (Fig. 1b) . Based on this diagram, it is suggested that at clinker/substrate interface the first liquid formation for the two compositions considered, S2 and S4, occurs at the invariant point temperature for the subsystems MgO CaZrO 3 Ca 2 SiO 4 (1750 • C) and MgO CaZrO 3 Ca 3 Mg(SiO 4 ) 2 (1550 • C), respectively. From this diagram, it can be seen also that the two compositions are located in the MgO primary phase field. Therefore, the last phase that is dissolved in the diffusing clinker Ca Si rich liquid phase must be MgO. The presence of Al 2 O 3 and Fe 2 O 3 , however, decreases the temperature for the first liquid formation [18] [19] [20] up to approximately 1200 • C, so the discussion stated on the basis of the MgO CaO ZrO 2 SiO 2 phase diagram allows to interpret correctly the corrosion behaviour of the samples, but the temperatures of first liquid formation must be significantly lower.
At the test temperature, 1500 • C, in the MgO CaZrO 3 -calcium silicate substrates the liquid phase of clinker containing Si, Ca, Al, Mg and Fe also diffuses through the grain boundaries. This liquid phase coming from the clinker reacts by different pathways: (a) the Ca 3 Mg(SiO 4 ) 2 is dissolved by the liquid forming a CaO-rich liquid phase which promoted precipitation and growing of the stable phase ␤-Ca 2 SiO 2 ; (b) the CaZrO 3 grains are partially dissolved causing an enrichment in Zr 4+ of the liquid phase; (c) the periclase (MgO) grains slightly dissolve in the liquid; and (d) the diffusing liquid phase partially dissolves Ca 2 SiO 4 increasing the amount of liquid at the reaction zone.
One point that deserves emphasis is one related to the CaZrO 3 dissolution, because this phase increases Zr 4+ in the liquid. The presence of Zr 4+ in the liquid phase increases its viscosity and hinders the liquid phase diffusion resulting in a high corrosion resistance of these materials. In addition, both MgO CaZrO 3 -calcium silicate materials, differentiated by the crystalline constituents ␤-Ca 2 SiO 4 or Ca 3 Mg(SiO 4 ) 2 , in accordance with the stoichiometry of the starting mixture and the related reactions at clinker/substrate interfaces, it is suggested that those phenomena strongly depend on the calcium silicate phase constitution.
The microscopic study of corrosion interface could not be conducted due to the dusting process during postmortem analyses for long-term experiments (120 min) in MgO CaZrO 3 Ca 3 Mg(SiO 4 ) 2 samples. The disintegration of the reaction interface is attributed to the polymorphic, martensitic type crystalline transformation of ␤-Ca 2 SiO 4 to ␥-Ca 2 SiO 4 during the cooling stage. This particular crystalline transformation occurs at 675 • C and the volume change associated is approximately of 12%. The change in volume affects markedly grains with sizes higher than 5 m. 23 This effect may be explained in terms of a grain growth, which might occur if the corrosion goes through a dissolution of Ca 3 Mg(SiO 4 ) 2 and a precipitation of the high calcium content phase ␤-Ca 2 SiO 4 . Furthermore, the mentioned dusting phenomenon was not observed in MgO CaZrO 3 -␤-Ca 2 SiO 4 sample (S2). This is attributed to the size of ␤-Ca 2 SiO 4 grains, which remain small even after long time corrosion experiments. It is therefore suggested that this reaction occurs in the presence of significant amounts of glassy phase.
From the results obtained in the present post-mortem study it is clear that the corrosion behaviour of the substrates by cement clinker can be classified as:
MgO very good, S4 and S2 good and MgAl 2 O 4 bad.
In summary, at the initial step of the corrosion process, the liquid phase of clinker penetrates inside the substrates through open porosity and grain boundaries. This liquid phase produces a significant reactive sintering process in porous substrates (MgO, MgAl 2 O 4 ) while a partial dissolution of Ca 3 Mg(SiO 4 ) 2 , CaZrO 3 and MgO occurs. The marked dissolution of CaZrO 3 grains promoted the enrichment of the liquid phase with Zr 4+ , which increased its viscosity. The phases identified in the interface Ca 3 SiO 3 + MgO + liquid are as expected to form from the CaO SiO 2 MgO major oxides at this point of the diffusion coupling pair samples. Finally, in MgO CaZrO 3 substrates the presence of secondary phases is also beneficial to prevent the exaggerated grain growth by pinning.
Conclusions
The mechanism of corrosion in MgO CaZrO 3 -calcium silicate based materials by clinker has been clarified in situ by hot-stage microscopy up to 1600 • C and scanning electron microscopy with energy dispersive microanalyses on corroded and quenched samples. From the post-mortem microstructural study, it has been found that the corrosion occurs by a diffusion mechanism of the clinker liquid phase through the grain boundaries and open pores in all the studied refractory substrate materials. This liquid phase partially dissolves the MgAl 2 O 4 , Ca 3 Mg(SiO 4 ) 2 , CaZrO 3 and MgO phases.
In CaZrO 3 containing materials, the reaction with the clinker liquid phase allows the formation of a zirconium containing silicate liquid boundary layer, which is adjacent to the calcium zirconate grains near to the clinker-substrate interface. The presence of Zr 4+ in this liquid phase increases its viscosity and hinders the liquid phase diffusion enhancing the corrosion resistance of these materials.
In contrast, the aluminum magnesium spinel material is markedly dissolved, up to 30%, explaining the behaviour of spinel magnesia refractories, which are currently used in the clinkering zone of the rotary cement kilns. It is hence concluded that the good corrosion resistance of the derived MgO CaZrO 3 -calcium silicate materials makes them an attractive material to produce binder fine filler for magnesia chrome-free refractory bricks, which are used at the burning zone of rotary cement kilns.
